The cobalt nanoparticles (NPs-Co) were synthesized and applied in the removal of Cr(VI). The obtained nanomaterials presented magnetic properties and were characterized by the techniques of Transmission Electron Microscopy and X-ray diffraction. The NPs-Co, with a diameter of less than 50 nm, had a composition based on metallic cobalt and cobalt oxide. The NPs-Co were applied in the removal of Cr(VI) being evaluated different parameters such as time of equilibrium, initial pH, dose of NPs-Co, concentration of Cr(VI), and system temperature. The removal of Cr(VI) was favored at lower pH values, being about 100% at pH 2.0. With the increase of Cr(VI) concentration from 40.0 to 300.0 mg L -1 the removal decreased from 80 to 15%. The NPs-Co dose promoted an increase in removal reaching 90% at a dose of 1.0 g L -1
INTRODUCTION
In recent years, due to the scarcity of drinking water, the water pollution sources have become a serious environmental problem. Among the pollutants present in aqueous environments, heavy metals are noteworthy, that includes chromium, mercury, cadmium, arsenic, thallium, zinc, nickel, copper, and lead. Some of these metals, in very small amounts play an essential role in human and animal metabolism, but in high concentrations can cause toxicity and health risks, as they are not biodegradable and are bioaccumulative in living organisms. 1 Among the heavy metals, the chromium is classified as the highest priority toxic pollutant by USEPA (United States Environmental Protection Agency), because it is highly soluble and toxic to living organisms. The Cr(VI) is harmful to health due to it is teratogenic, mutagenic, and carcinogenic nature. 2 This element is heavily used in industries of metallurgy, mining, electroplating, leather tanning, polishing, pigments, and printing. 3 It can be released into the environment through the inadequate discharge of waste from these industries.
Due to the Cr(VI) toxicity, the new methods development that promote the removal of this element from water bodies is necessary. In the last years, materials at nanoscale have been studied for application in the removal of different environmental contaminants, in particular, metallic nanoparticles. Metal nanoparticles are materials that have higher surface energy, large surface area, small size, and high reactivity 4 which makes them promising in the removal of environmental contaminants.
In many works metallic nanoparticles are being used in the Cr(VI) removal 3, [5] [6] [7] either due to adsorptive and/or reductive processes, which reduce Cr(VI) in its less toxic Cr(III) form. Despite the promising results with the use of metallic nanoparticles disadvantages are described in the process. As for example, the difficult recovery of the nanoparticles after the removal process, which is hampered due to its nano size. Then, the magnetic nanoparticles are particular interest in the field of environmental contaminants removal, since they can be easily recovered by applying an external magnetic field, which has already been accomplished in many works. 2, [8] [9] [10] In particular, cobalt magnetic nanoparticles, besides the advantage of easy recovery after the process, have a high resistance to corrosion and wear. Besides that, are easily synthesized through the chemical reduction process, with the use of reducing agents such as sodium borohydride (NaBH 4 ). 8, 11 Some works described the use of cobalt nanoparticles and also cobalt oxide in the environmental contaminants removal in aqueous media, with promising results. [8] [9] [10] [12] [13] [14] However, there are no reports in the literature that use only Co nanoparticles in the removal of Cr(VI). Besides that, the mechanism of Cr(VI) removal by these nanomaterials is still not well understood. Thus, in this work, the magnetic nanoparticles of cobalt were synthesized by chemical reduction and applied in the removal of Cr(VI).
MATERIAL AND METHODS

Reagents and Solutions
The reagents used were nitric acid, potassium chromate, acetone, sodium hydroxide, and hydrochloric acid, all obtained from Merck. Cobalt(II) acetate tetrahydrate obtained from Dinâmica. Sodium borohydride obtained from Sigma-Aldrich. Ethanol (95%) obtained from Vetec. Sulfuric acid obtained from Synth. 1.5-Diphenylcarbazide obtained from Neon.
All solutions used were prepared from ultrapure water (system Milli-Q from Direct-Q 3UV) and stored under refrigeration at 4 o C.
Synthesis of Cobalt Nanoparticles (NPs-Co)
The NPs-Co were synthesized by chemical reduction of the metal using sodium borohydride (equation 1), with adaptations of the methodology reported by Liang 
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rate of approximately 50.0 µL min -1 under constant stirring with the formation of a black precipitate. The system was allowed to stand at room temperature, and subsequently, vacuum filtration and washing of the material obtained with Milli-Q water and ethanol were performed. Finally, the material obtained was oven dried at 40 °C for approximately 2 hours and stored under refrigeration at -20 °C.
(1)
Characterization of NPs-Co
Morphological characterization and particle size were performed using a Transmission Electron Microscopy (Tecnai G2-12 -SpiritBiotwin FEI -120 kV). To evaluate the structure of NPs-Co was used an X-ray diffractometer (Bruker model D8 Discover, using ). Subsequently, 20.0 mg of NPs-Co were added to each Erlenmeyer flasks. The system was placed under constant orbital agitation (220 rpm, Incubator Shaker Series -New Brunswick Scientific) at 25 °C for 48 hours. After the time interval, the suspensions were centrifuged (3600 rpm) during 10 minutes and the final pH values of the supernatant were measured. 15 The pH value in the PZC was calculated by the arithmetic mean of the final pH points that were constant.
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Removal of Cr(VI) by NPs-Co
The removal assays were performed in Erlenmeyer flasks 125 mL, wherein 20.0 mL of Cr(VI) solution and the required dose of NPs-Co were added. The reactions were under constant agitation (220 rpm). At predetermined times (10 hours) aliquots were collected and filtered on PTFE membrane (0.45 µm and 13 mm diameter, Millipore). To quantify the remaining Cr(VI) in the solution, the colorimetric method of 1.5-diphenylcarbazide was used. 17 After the reaction, an aliquot of 500.0 µL of sample, previously filtered, was transferred to a 10. ). Kinetic studies were performed with the experimental data adjusted to kinetic models of pseudo-first-order (Lagergren) 18 and pseudo-second order (Ho e McKay). 19 Studies of adsorption isotherms were also performed by adjusting the experimental data to the ), V it is the volume (L), and m is the mass of nanoparticles (g). The Cr(III) and Cr(VI) adsorbed in the nanoparticles was investigated after the Cr(VI) removal reaction by Co-NPs. Then, the NPs were digested with concentrated HNO 3 . For this, after the reaction, the solution was centrifuged and the Co-NPs were deposited on the bottom of the flask. Nanoparticles recovered in the previous step made the addition of 3.0 mL water and 2.00 mL HNO 3 concentrated. The mixture was heated to a temperature of about 200 °C until complete dissolution. After this procedure, the solution was transferred to a 10.00 mL flask and the volume filled with Milli-Q water. Cr(VI) was quantified by the 1.5-diphenylcarbazide method as described above, while Cr (III) was quantified by the EDTA method. , pH 4.0), and 2.00 mL Mili-Q water. The system was heated in a water bath (80 °C) for 30 minutes and then cooled with ice. The resulting solution was analyzed by Molecular Absorption UV/Vis Spectrophotometry (λ = 543 nm).
All assays were performed in triplicate.
Desorption assays of Cr(VI) and reuse of NPs-Co
At ) was added on nanoparticles and thereafter was stirred for 10 hours. After the time interval, the system was filtered and diluted in one ratio 1:3 (solution:water, v/v). The quantification of the remaining Cr(VI) was analyzed by Atomic Absorption Spectrophotometry with flame (Shimadzu, model AA-6701F, with Burner-atomiser "flame-type" Acetylene/Air -2250 o C). For the reuses of the NPs-Co, after desorption, the nanoparticles were washed and added to the solution of Cr(VI) (40 mg L -1 ). The system was kept under stirring for 10 hours. Two consecutive adsorption/desorption cycles were performed in NaOH. The rate of Cr(VI) removal by Co-NPs was analyzed by UV/Vis spectrophotometry, with wavelength monitoring at 542 nm.
RESULTS AND DISCUSSION
Characterization of NPs-Co
The synthesized NPs-Co presented a black coloration and magnetic properties since they can be quickly attracted by a magnetic bar to the glass wall, demonstrating its magnetic characteristic ( Figure 1S in Supplementary Material). The magnetic properties of the NPs-Co allow them to be easily separated using a magnetic material. Magnetic nanostructured materials follow the Coulomb laws and can, therefore, be manipulated by an external magnetic field. 23 The morphological analysis of Co-NPs by Transmission Electron Microscopy (TEM) showed that the nanoparticles have a spherical shape with a size of less than 50 nm (Figure 1 ). Since this material has high magnetic susceptibility, 23 the formation of agglomerates occurs. Similar results are reported by Arshadi 24 which synthesized cobalt nanoparticles with spherical structures of 5-25 nm and Liang and Zhao 8 which synthesized NPs-Co with regular sizes around 10-20 nm. The X-ray diffractogram of Co-NPs is shown in Figure 2 . The diffraction peaks at 47.87° and 75.84° correspond to the metallic cobalt phase (JCPDS 5-727). The diffraction peaks at 34.7°, 39.55°, 57.2° and 68.6° correspond to cobalt oxide II (CoO) (JCPDS 42-1300). The peaks related to metallic cobalt were shown to be of low intensity, in relation to the reflections related to the CoO phase. This low intensity can be caused by the rapid oxidation of metallic cobalt under environmental conditions, which is due to its high magnetic susceptibility. 23 Wang et al., 2 used cobalt-coated bamboo charcoal. In their characterization by X-ray Diffraction, the authors obtained peaks at 44.22°, 51.54°, and 75.83° relative to metallic cobalt. The peak 75.83 o is similar to that obtained in this work (75.84°). Matveev et al., 25 used NPs-Co stabilized in polytetrafluoroethylene. In the analysis by X-ray Diffraction, peaks were obtained at 47.60° and 36.70° relative to cobalt metal and CoO, respectively. The peak 47.60° related to Co is similar to that obtained with the NPs-Co synthesized in this work (47.87°).
The The infrared analysis before and after the reaction can be observed in Figure 3 .
The wide absorption bands in the region of 3500-3100 cm -1 can be attributed to the OH stretching vibration, and the band at 1636 cm -1 can be attributed to HOH binding vibration, indicating the presence of hydroxyl groups and water molecules in the NPS-Co. 26 According to Liang and Zhao, 8 cobalt magnetic particles exhibit weak bonds between 525 and 831 cm -1 , which may be associated with Co 2+ -O 2-stretching vibrations. These same bands were observed in this work. After the reaction it was observed that many peaks disappear and that some have moved and changes in intensity. This fact may be due to the chromium adsorption on the surface of the NPs-Co. Liu et al., 27 in their work observed that after the adsorption of chromium there was displacement of some clusters. The pH of the PZC was obtained from the arithmetic mean of the final pH values that showed a buffer effect ( Figure 2S in Supplementary Material). The pH of the obtained PZC was 9.08. Thus at pH values below 9.08, the nanoparticles are positively charged and at pH above 9.08, the nanoparticles are negatively charged.
Influence of different parameters on Cr(VI) removal by Co-NPs
In order to verify the feasibility of the UV/Vis spectrophotometric method in the determination of Cr(VI) and Cr(III), some analytical parameters were analyzed as linear working range (LWR), limit of detection (LD), and limit of quantification (LQ) as can be seen in Table 1 .
The first parameter to be evaluated in the Cr(VI) removal was the equilibrium time. From the Figure 4 it can be observed that there is a rapid removal of Cr(VI) in the first hours of reaction, increasing until approximately 8 hours, where the equilibrium is reached, removing about 90% of Cr(VI). However, the time of 10 hours was fixed for aliquot withdrawal in the subsequent experiments to ensure greater reliability that the equilibrium was achieved.
Once the equilibrium time was determined, the initial pH effect of the system on the Cr(VI) removal capacity was evaluated. It can be seen in the Figure 5A that the removal is favored at lower pH values. The removal percentage is about 100% at pH 2.0, whereas, at pH 12.00, the removal percentage is approximately 70%.
Initially, the adsorption process occurs due to electrostatic interactions between the anion chromate (CrO 4 -2 ) and the NPs-Co. Since at pH values below 9.08 the Co-NPs are positively charged, as determined by PZC, which will favor the Cr(VI) adsorption in the form of the chromate anion. With the increase of pH to values above PZC, the surface of the NPs will acquire a negative surface charge, reducing the adsorption of the chromate anion.
According to Figure 5B , it can be seen that there is an increase of the final pH independent of the initial pH of the system. In addition, a buffering of the system occurs at pH 9.0. This increase in pH is due to the release of OH -ions into the reaction system due to the redox reactions occurring in aqueous solution (equations 4 and 5).
In addition to electrostatic interaction, oxidation reactions between Co-NPs and Cr(VI) species may also occur, since this process is thermodynamically favorable, as can be observed by the reduction potentials of equations 6 and 7. In order to verify if Cr(VI) reduces to Cr(III) during the removal process, the method of determining Cr(III) with EDTA was carried out. The Cr(III) was detected and quantified, and the Cr(III) concentration recovery was 110 ± 13%. It can be concluded, therefore, that all Cr(VI) was reduced to Cr(III).
Once Cr(VI) was found to be reduced in Cr(III), a species distribution graph was plotted as a function of pH ( Figure 6 ) to verify which species predominated in solution. According to the species distribution graph, at pH 9.0, the Cr(OH) 3 fraction is approximately 0.9775. This indicates that Cr(III) is co-precipitated as Cr(OH) 3 in NPs-Co.
The influence of the initial concentration of Cr(VI) in the removal process by Co-NPs was investigated. As observed in Figure 7A , when the Cr(VI) concentration increases, a significant reduction in the removal rate occurs, which decreases from 80 to 15% when the concentration increases from 40.0 to 300.0 mg L -1 . This fact can be justified by the saturation of the active sites present in the NPs-Co at higher concentrations.
As noted in Figure 7B , the equilibrium removal ability increases with increasing Cr(VI) concentration, reaching approximately 50 mg g -1 . This phenomenon can be justified because of a greater interaction between the adsorbate and the nanoparticles. This would facilitate the transfer of Cr(VI) molecules in solution to the active sites of the nanoparticles, due to the increase in the motive force of the reaction medium and, consequently, resulting in an increase of the removal capacity. 28, 29 The dose effect of NPs-Co on the removal of Cr(VI) was also evaluated. As can be seen in Figure 8 , with the increasing of the NPs-Co dose to 1.0 g L -1 , the Cr(VI) removal percentage is increased proportionally, reaching about 90% removal. From the 1.0 g L -1 dose, the system tends to equilibrate, reaching about 100% removal with ; without pH adjustment; reaction time = 10 hours ; without pH adjustment (8.5) ; reaction time = 24 hours the 2.0 g L -1 dose. The increase in Cr(VI) removal with increasing dose of Co-NPs may be due to the increase in total surface area and the availability of more adsorption sites. 30 
Kinetic studies of Cr(VI) removal by Co-NPs
The kinetics study of removal is very important as it provides important information about the pathways and mechanism of reactions. 31 The data were analyzed according to the equations of pseudo-first order (Equation 8) and pseudo-second order (Equation 9). (8) (9) wherein q e (mg g ) are the pseudo-first order and pseudo-second order velocity constants, respectively.
The kinetic parameters of Cr(VI) removal by Co-NPs can be seen in Table 2 . The kinetic model of pseudo-second order was better fitted to the experimental data as can be observed by the coefficient of determination ( Figure 3S in Supplementary Material). In addition, the value of the maximum adsorption capacity obtained experimentally was 36.1 mg g -1 , a value very close to that found by the pseudo-second model that was equal to 36.90 mg g -1 displayed an error of 2.2%. This fact confirms the best fit of the pseudo-second model to the system studied.
Wang et al., 2 promoted the removal of Cr(VI) in aqueous solution using cobalt-coated bamboo charcoal, and the best fit kinetic model was also the pseudo-second order, whose maximum adsorption capacity was 18.52 mg g -1 , about half that was obtained by the NPs-Co , demonstrating the efficiency of this nanoparticle in Cr(VI) removal.
Adsorption isotherms
The adsorption isotherms are used to propose a relationship between the adsorbed amount and the equilibrium solution at a fixed temperature. 31, 32 The experimental data were adjusted to the Langmuir and Freundlich isotherm models, equations 10 and 11, respectively. ) which is an approximation indicator of the adsorption capacity and n F is the adsorption intensity that measures the deviation of the adsorption linearity.
The graphs of the experimental adjustments to the isotherms can be seen in the Figure 4S (in supplementary material) , and the values of the parameters obtained by the Langmuir and Freundlich equations are shown in Table 3 .
According to the data in Table 3 , it is possible to observe that the Langmuir model was better fitted to the experimental data, whose coefficient of determination was 0.980, higher than that of Freundlich (0.950). The Langmuir adsorption model assumes that the adsorbate (Cr(VI)) distribution occurs in a monolayer on a surface, with a finite number of identical sites that are distributed homogeneously on the adsorbent surface. 30 In this case, adsorption is limited to one layer only, where all active sites are equal, i.e. the capacity of a molecule to occupy a given site is independent of the occupation of a neighboring site. 33 The Langmuir parameters can be used to predict the affinity between adsorbent and adsorbent using the dimensionless separation factor (K L ). For values 0<K L <1 the adsorption is favorable. 34 According to the results obtained, the adsorption of Cr(VI) by Co-NPs is a favorable process, since the Langmuir constant obtained was 0.0601.
Adsorption studies of Cr(VI) by different adsorbents are shown in Table 4 . It is possible to verify that the maximum adsorption capacity of Cr(VI) by the NPs-Co obtained in this work (66.67 mg g -1 ) was superior to most of the adsorbents mentioned below.
Thermodynamic parameters
In order to evaluate the effect of temperature on Cr(VI) adsorption by Co-NPs, the thermodynamic parameters were determined by the Langmuir adsorption isotherm. The thermodynamic parameters, such as the change in Gibbs free energy (ΔG°, kJ mol Table 5 .
The negative values of ΔG ° presented in Table 5 confirm the viability of the adsorption process and its spontaneous nature, which potentiates the use of the adsorbent in conventional processes of decontamination of Cr(VI) containing waters or effluents. 41 In addition, a reduction of this parameter occurs as the temperature increases, that is, it is confirmed that the adsorption is favored by The positive value of ΔH° indicates that the adsorption process was of an endothermic nature, as previously reported, due to the increase in adsorption capacity with increasing temperature. The positive value of ΔS° suggests the likelihood of a favorable adsorption and an increase in the randomnes of the solid/solute interface where the adsorption occurred. 39, 43 Similar results were obtained in other works. Yang et al., 40 promoted the adsorption process of Cr(VI) by activated carbon prepared from longan seed, in which the adsorption was more efficient at higher temperatures, i.e. endothermic process, with a value of ΔH° obtained was 2.73 kJ mol -1 , close to the value obtained in this work. Malkoc et al., 34 used as adsorbent waste pomace of olive oil in adsorption of Cr(VI) and calculated the ΔH° and ΔS° as being equal to 11.84 kJ mol -1 and 34.80 J mol -1 K -1 respectively. The values of ΔG° obtained showed that an increase of the spontaneity occurs with the increase in temperature since ΔG° decreases with the increase of the temperature.
Desorption and reuse assays of NPs-Co
After reaction of Co-NPs with Cr(VI), the desorption of chromium was carried out. The quantification of desorbed total chromium was performed using Flame Atomic Absorption. The results indicated that only 10% of the total chromium removed was desorbed.
Wang et al., 2 used cobalt-coated bamboo charcoal, the authors were able to desorb about 98% of the chromium adsorbed under alkaline conditions.
To evaluate the reuse of NPs-Co, three consecutive adsorption/ desorption cycles were done. The results indicated that the first cycle showed a Cr(VI) removal of approximately 80%, which was reduced to 26% in the second cycle and 23% in the third cycle. This low percentage of removal in the reuse of Co-NPs may be associated with the low desorption index. According Wang et al.,
2 the cobalt-coated bamboo charcoal can be used in five cycles.
Removal Mechanism of Cr(VI) by NPs-Co
The Cr(VI) removal process by Co-NPs occurs initially by the adsorption of the Cr(VI) species on the surface of NPs-Co, due to the electrostatic interactions between the positively charged adsorbent and the anion CrO 4 2-. In the sequence Cr(VI) is reduced to Cr(III). With an elevation of the pH of the system, Cr(OH) 3 formation occurs, whose species are co-precipitated under the surface of the NPs-Co.
CONCLUSION
The NPs-Co were synthesized by the chemical reduction method with sodium borohydride, in a simple and fast, presented magnetic properties and nanometric size, less than 50 nm. This material was used in the Cr(VI) removal process in aqueous solutions, proving highly efficient, reaching approximately 90% removal in 10 hours of reaction. The NPs-Co has the advantage of being magnetic and can be easily removed from the system by applying a magnetic field. The adsorption process was best described by the Langmuir model with maximum adsorption capacity of 66.6 mg g -1 .
The kinetic model of pseudo-second order was better fitted to the experimental data than to pseudo-first order. The thermodynamic study showed that the adsorption was of an endothermic and spontaneous nature, thus being a viable method to be applied.
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